The rodent somatosensory barrel cortex exhibits a simiHouston, Texas 77030 lar kind of developmental map plasticity. If a row of whiskers is removed (cauterized) during a critical period in the development of the cortex, barrels serving the Summary deprived whiskers shrink while neighboring barrels from the intact whiskers expand. The degree of "filling in" The regulation of NMDA receptor (NMDAR) subunit or plasticity becomes progressively smaller the later in composition and expression during development is development that the deprivation is started. By around thought to control the process of thalamocortical afpostnatal day 6 or 7 (P6-P7), whisker cautery has little ferent innervation, segregation, and plasticity. Thalaobvious effect on barrel cytoarchitectonic structure mocortical synaptic plasticity in the mouse is depen-(Woolsey, 1990), marking the end of the critical period dent on NMDARs containing the NR2B subunit, which for barrel development. are the dominant form during the "critical period" win-
NMDARs are multimeric proteins composed of at least specific pattern of facial whiskers is recapitulated one NR1 subunit and up to four subunits of the NR2 throughout the somatosensory trigeminal pathway in the family (Schoepfer et al., 1994 , Sheng et al., 1994 . The form of clusters of neurons that respond preferentially to NR2 family itself contains at least four members, NR2A-stimulation of a single whisker. The neuronal modules NR2D (also called GluR⑀1-GluR⑀4). Expression of the in the cortical map of facial whiskers are called "barrels," different NR2 subunits is regulated during development which due to their easy visualization and manipulation so that the NR2B subunit is already highly expressed in have become an important model system for studying the embryonic cortical plate, while the NR2A subunit the mechanisms underlying cortical map development begins to be expressed in the cortex a few days after and plasticity (Woolsey, 1990) . (Figure 2) . In P4-P7 mice, lenka, 1995), potentially by adding AMPARs to synapses that were previously composed of only NMDARs ("silent NR2A subunits make a modest contribution to NMDAR currents ( Figure 2F ), and NMDAR currents were corresynapses") (Isaac et al., 1997 Figure 2F ), there is a draing the first postnatal week the decay of the NMDAR matic difference in NMDAR kinetics ( Figure 3B , white hiscurrents was generally slow (Figures 2C and 2E) , with togram) between NR2A Ϫ/Ϫ (331 Ϯ 42 ms; n ϭ 9) and both a mean weighted time constant of 307 Ϯ 35 ms for NR2A ϩ/Ϫ (200 Ϯ 15 ms; n ϭ 12; p Ͻ 0.01) and NR2A
ϩ/ϩ P3-P4 mice (n ϭ 8) (see Experimental Procedures) and controls (160 Ϯ 15 ms; n ϭ 11; p Ͻ 0.01). 283 Ϯ 39 ms for P5-P6 mice (n ϭ 10). Thereafter (P9-P11;
We also examined the sensitivity of NMDAR currents n ϭ 14), the NMDAR currents decline significantly faster, in the NR2A mutant mice to the NR2B specific antagonist with a time constant of 183 Ϯ 22 ms (p Ͻ 0.01).
ifenprodil. At P4-P7, when the contribution of NR2A We used the NR2B-selective antagonist, ifenprodil, to subunits to the NMDA current is normally small (Figures estimate the contribution of NR2B containing NMDARs 3C and 3D, gray histogram), there is no significant differto the entire NMDAR EPSC at thalamocortical synapses ence in the ifenprodil (3 m) sensitivity between NR2A Ϫ/Ϫ during critical period development. We found that the (68% Ϯ 5%; n ϭ 10), NR2A ϩ/Ϫ (52% Ϯ 6%; n ϭ 6), and relative contribution of NR2B currents gradually de-NR2A ϩ/ϩ mice (67% Ϯ 8%; n ϭ 11; p ϭ 0.92). By P8-P11, creased over the first 7-10 days postnatal (Figures 2D however, NR2A Ϫ/Ϫ mice remain highly sensitive to ifenand 2F). Most of the NMDAR current at P3-P4 was ifenprodil ( Figures 3C and 3D , white histogram, 54.2% Ϯ prodil sensitive (81% Ϯ 3%, n ϭ 9). There was a small 7.5% response suppression; n ϭ 7) while NR2A ϩ/ϩ mice but significant decrease in ifenprodil sensitivity already become much less sensitive to ifenprodil, (30% Ϯ 8%; at P5-P6 (67% Ϯ 4%, n ϭ 13; p Ͻ 0.05). For P9-P11 n ϭ 6; p Ͻ 0.05 between NR2A ϩ/ϩ and NR2A
Ϫ/Ϫ
), and neurons, ifenprodil was even less effective at blocking NR2A ϩ/Ϫ mice are somewhat less sensitive (36% Ϯ 7%; the NMDAR-mediated EPSC (32% Ϯ 5%, n ϭ 8; p Ͻ n ϭ 7; p ϭ 0.1 between NR2A ϩ/Ϫ and NR2A Ϫ/Ϫ mice. (D) Summary of ifenprodil sensitivity data. At P4-P7, when NR2A subunits have only a minor contribution to NMDAR currents, there is no statistically significant difference between the NR2A Ϫ/Ϫ (68% Ϯ 5%; n ϭ 10) and either NR2A ϩ/Ϫ (52% Ϯ 6%; n ϭ 6) or NR2A ϩ/ϩ (67% Ϯ 8%; n ϭ 11; p Ͼ 0.5) littermates. At P8-P11, the NR2A Ϫ/Ϫ mice remain very sensitive to ifenprodil (54% Ϯ 7%; n ϭ 7), significantly more so than NR2A ϩ/ϩ mice (30% Ϯ 8%; n ϭ 6; p Ͻ 0.05), with Figure 5C ) and relative levels of NR2A ϩ/ϩ mice while remaining blind to their genotype. expression using actin protein as a standard (summary The extent of LTP induced at thalamocortical synapses quantification in Figure 5D ). This is consistent with a in NR2A Ϫ/Ϫ mice (33% Ϯ 13%; n ϭ 9) at P3-P7 was not previous report by Sakimura et al. (1995) that no up different from the LTP induced in NR2A ϩ/Ϫ (34% Ϯ 9%; regulation of NR2B expression occurs in NR2A Ϫ/Ϫ mice. n ϭ 12) and NR2A ϩ/ϩ littermates of the same age (39% Ϯ Sakimura et al. (1995) also noted an increase in the 6%; n ϭ 13; p Ͼ 0.6 for all differences). The magnitude evoked AMPA/NMDA current ratio at hippocampal synof LTP in the NR2A ϩ/ϩ mice was somewhat smaller than apses in adult NR2A Ϫ/Ϫ mice relative to NR2A ϩ/ϩ conreported earlier in wild-type mice ( Figure 1C) , though trols. Our failure to detect a difference in AMPA/NMDA the difference was not statistically significant and likely currents in the neonatal NR2A Ϫ/Ϫ mice is likely age redue to several factors, including the older average age lated because significant NR2B expression persists in of the NR2A ϩ/ϩ mice (most were P5-P7), the mixed backthe cortex and hippocampus well past P10 but is small ground of the wild-type mice (C57/BL6 and FVB), and in adults. In sum, the effects of the NR2A mutation on the the necessity to sometimes accept more marginal reamplitude of the evoked NMDA current is quite muted at cordings in the NR2A litters in order to prevent inadverthis age due to the high abundance of NR2B receptors tent biasing of the sample population. The absence of (Monyer et al., 1994), though we did detect a large effect a difference in the magnitude of LTP in the NR2A Ϫ/Ϫ on NMDAR current kinetics and ifenprodil sensitivity mice relative to their littermate controls suggests that (Figure 3 ). the NR2A mutation had no effect on critical period thalamocortical synaptic plasticity.
Barrel Map Plasticity Unchanged in NR2A Ϫ/Ϫ Mice Significant functional expression of NR2A currents is Depriving rodents of sensory experience by removing apparent in NR2A ϩ/ϩ mice at the end of the first postnatal the C-row of whiskers at a young age induces a filling-in week (Figure 3) . In NR2A Ϫ/Ϫ mice, the incorporation of of the cortical barrel map. We examined this anatomical NR2A into the NMDAR that normally occurs at the end map plasticity in the NR2A Ϫ/Ϫ mice to determine whether of the first postnatal week is not possible. Nonetheless, the critical period for barrel plasticity is prolonged in LTP cannot be induced beyond the critical period (P8-the absence of NR2A incorporation into the NMDAR. P11) in NR2A Ϫ/Ϫ mice (Ϫ5% Ϯ 5%; n ϭ 8), even with Cytochrome oxidase (CO)-stained tangential sections their slow NMDA currents (Figures 4E-4H) . Similarly, it through layer IV of barrel cortex show evidence of fillingwas difficult to induce LTP in NR2A ϩ/ϩ (9% Ϯ 13%; n ϭ in due to neonatal whisker deprivation in all the whisker-8) and NR2A ϩ/Ϫ littermates at this late age (2% Ϯ 6%; deprived animals, regardless of genotype (Figures 6A-n ϭ 13), as was observed earlier (Figure 1) . Thus, the 6C). In order to quantitatively examine barrel plasticity critical period for thalamocortical LTP remains unin NR2A Ϫ/Ϫ mice, we first lesioned the C-row of whiskers changed in NR2A mutant mice. These data indicate that at P1 in NR2A Ϫ/Ϫ , NR2A ϩ/Ϫ , and NR2A ϩ/ϩ littermates developmental regulation of the expression of the NR2A (Figures 6A-6C ), then assayed cortical map plasticity subunit is not necessary for closing the critical period 2 weeks later. The potency of the lesion was always for thalamocortical synaptic plasticity in mice.
confirmed with H-E staining of the whisker pads ( Figure  6J) . A quantitative measure of anatomical plasticity, de-AMPAR/NMDAR in NR2A Ϫ/Ϫ Mice fined as a Map Plasticity Index (MPI) (see Experimental One explanation for why LTP in the NR2A Ϫ/Ϫ mice was Procedures and Figure 6K ), was used to examine if any difficult to induce after the critical period is that the subtle plasticity differences could be detected in the NR2A Ϫ/Ϫ mutation could have greatly reduced the total NR2A Ϫ/Ϫ mice compared to NR2A ϩ/Ϫ and NR2A ϩ/ϩ mice. and additional changes in NMDA kinetics beyond those Subunit Composition described here may also exist. However, our data clearly We observed a shift in the subunit composition of the show that changes in NMDAR subunit composition play NMDA receptor at the thalamocortical synapse during a major role in the developmental regulation of NMDAR development, from NR2B dominated to mixed NR2A current kinetics. and NR2B. In normal mice, NMDAR currents are progressively less sensitive to the NR2B antagonist ifenprodil with age, which reflects an increasing contribution NR2A, Synaptic Plasticity, and Barrel Plasticity The NMDA receptor, potentially acting through an LTPof the NR2A subunit to thalamocortical synaptic response. In NR2A mutants though, the NMDAR currents type mechanism at developing synapses, has been repeatedly implicated in the cellular processes responsiremain maximally sensitive to ifenprodil. We believe that the normal developmental change in NMDAR subunit ble for cortical map development, plasticity, and the control of critical period timing (Bear, 1996 , 1996) . The weight of this evidence strongly suggests that developbetween the timing during development of changes in NMDAR current kinetics and changes in NMDAR subunit mental regulation of the NMDA receptor, specifically through NR2A subunit control of the NMDAR, is a key composition at the thalamocortical synapse (Barth and Malenka, 2001 ). Our data using NR2A knockout mice ingredient in cortical development and plasticity. Thus, it was widely hypothesized that regulation of NMDAR show definitively that NMDAR subunit composition is responsible for much of the developmental change in subunit composition may define the critical period window for cortical map plasticity. NMDAR current kinetics from P4-P11 ( Figures 2E, 2F,  3E, and 3F) . The discrepancy in this data is probably
We tested this hypothesis with NR2A loss-of-function mutant mice. To our surprise, we found that thalamocordue to one or more experimental differences, including: (1) when isolating the NMDAR currents, we include the tical barrel map and synaptic plasticity in NR2A Ϫ/Ϫ mice, like in wild-type mice, cannot be induced past the end fast Ca 2ϩ chelator BAPTA in our whole-cell pipette. We did this to avoid inadvertently inducing LTP (pairing) in of the critical period. These data indicate that the developmental increase in NR2A subunit contribution to the neuron while measuring the NMDA currents at a depolarized potential, and also to block any Ca . After cauterization, the pups were and ifenprodil sensitivity), BAPTA (10 mM) was added in the internal solution of the electrode to prevent inadvertent LTP of the NMDA revived and returned to their mother, then sacrificed at P12-P14 for histology. Animals with incomplete or inappropriate lesions, as response. Data was collected and analyzed on-line using a computer driven acquisition system (PC's with National Instrument AD assayed with H-E staining of the whisker pad (see below), were excluded from further analysis. boards) and software under the Igor (Wavemetrics) programming environment. Data was acquired at a sampling a rate of 10 kHz and filtered at 5 kHz. Fiber volley amplitude in the internal capsule was Histology used to monitor changes in the excitability of neurons and fibers in For cytochrome oxidase (CO) and Nissl stains, most animals were the thalamus (VB). Input resistance and series resistance were used sacrificed at P12-P14. Mice were deeply anesthetized with Isoflurto continuously evaluate and monitor cell health. Experiments in ane, decapitated, and the brain exposed. Barrel cortex from the which the fiber volley, input resistance, or series resistance changed right hemisphere was removed following the methods described in significantly (Ͼ10%) were discarded. Data in the text and summary Strominger and Woolsey (1987) , fixed for 2 hr in 4% PFA at room graph were presented only if neurons had an input resistance Ͼ300 temperature, and cut tangentially (parallel to layer IV) on a vibratome M⍀ and synaptic response was stable with no sign of drift for at into 50-100 m sections and subject to CO staining, as described least 10 min before any manipulation.
in Wong-Riley and Welt (1980), or Nissl staining (0.2% cresyl violet). Whisker pads of the lesioned (left) side were removed from the snout, pressed flat with glass plates, and fixed with 4% PFA for 2 Data Analysis days at 4ЊC. The tissue was then cryoprotected with 30% sucrose The EPSC amplitude was defined as the mean current during a fixed overnight, and serial 50 m thick frozen sections were cut using a 3-4 ms window at the peak of the EPSC minus the mean current freezing microtome in a tangential plane and subjected to standard during a similar window immediately before the stimulus artifact.
H-E staining to examine the hair follicles. LTP magnitude (EPSC % change) was defined as the mean EPSC amplitude 15-20 min after pairing minus the mean EPSC amplitude 0-5 min before pairing all divided by the mean EPSC amplitude 0-5
Quantification of Barrel Anatomical Plasticity
The width of CO stained whisker barrels corresponding to the b2, min before pairing. The amplitude and time constant of currents used for measuring the AMPAR/NMDAR ratio and the NR2B/NR2A b3, c2, c3, d2, and d3 whiskers were measured using Adobe Illustrator. The ratio of the width of the C-row whisker barrels (c2 and c3) ratio were quantified from the average of 20-50 consecutive EPSCs. AMPAR currents were measured at Ϫ70 mV. NMDAR currents and relative to the B and D-row whisker barrels (b2, b3, d2, and d3) was used to quantify the effects of neonatal whisker lesions using a Map time constants were measured at ϩ40 mV in the presence of 10 M NBQX (2,3-Dihydro-6-nitro-7-sulphamoyl-benzo(f)quinoxaline, Tocris) Plasticity Index (MPI), defined as MPI ϭ 2(c2 ϩ c3)/(b2 ϩ b3 ϩ d2 ϩ 
